This paper describes the application of nanoparticle bombardment with time-of-flight secondary ion mass spectrometry (NPToF-SIMS) for the analysis of native biological surfaces for the case of sagittal sections of mammalian brain tissue. The use of high energy, single nanoparticle impacts (e.g. 520 keV Au 400 ) permits desorption of intact lipid molecular ions, with enhanced molecular ion yield and reduced fragmentation. When coupled with complementary molecular ion fragmentation and exact mass measurement analysis, high energy nanoparticle probes (e.g. 520 keV Au 400 NP) provide a powerful tool for the analysis of the lipid components from native brain sections without the need for surface preparation and with ultimate spatial resolution limited to the desorption volume per impact (~10 3 nm 3 ).
Introduction
Over the last decades, a common pursuit has been the generation of signature molecular ions from a surface of interest and their separation and identification. For the case of biological samples, recent technological advances have permitted routine surface interrogation using laser probes [e.g. matrix-assisted laser desorption/ionization (MALDI)], provided that the molecules of interest can be embedded in the crystal lattice of a laser absorbing matrix. [1] [2] [3] [4] In MALDI analysis, lateral resolution is restricted to the matrix crystal size and the laser spot (usually tens of microns), with the additional requirement of the pre-selection of a analytespecific matrix. In a different approach, efforts have focused on the generation of ion probes for enhanced molecular ion emission from native surfaces (e.g. non-modified/untreated surfaces). For instance, the use of nanoparticle projectiles (e.g. Au 400 , NP-ToF-SIMS) for surface analysis and characterization has shown significant advantages due to the enhanced emission of molecular ions and reduced molecular fragmentation in contrast to atomic and polyatomic projectiles. [5] [6] [7] [8] [9] With temporally and spatially discrete impacts, the small desorption volume (~10 3 nm 3 ) and abundant ionized ejecta make these NP probes promising candidates for surface molecule interrogation. [10, 11] In the present paper, brain sections of an animal model of Parkinsonian dysarthria (e.g. Tadarida brasiliensis freetailed bats) are studied using NP-ToF-SIMS in positive and negative mode. Emphasis is made in the molecular ion emission of lipid components as a function of the projectile size and energy. Because of the chemical complexity of the native brain slices, identification of the most abundant lipid components was performed using complementary MS fragmentation and exact mass measurement analysis (e.g., MALDI Fourier transform ion cyclotron resonance mass spectrometry, MALDI-FT-ICR-MS).
Experimental method NP-ToF-SIMS and MALDI-FT-ICR-MS
A new, in-house built NP-ToF-SIMS setup was used in this study (see Fig. 1 ). Briefly, the NP-ToF-SIMS setup comprises an Au-Liquid Metal Ion Source coupled to a 100 kV Pegase Platform, with 120 kV total acceleration voltage and two analysis chambers. [12] [13] [14] The primary ion projectiles are mass-selected using a Wien filter and focused into the analysis chamber. All ToF-SIMS experiments were performed under single projectile impacts (e.g. impact rate below 500 Hz of individual projectiles per pulse). Negative mode NP-ToF-SIMS was performed in the analysis chamber 1, where the target voltage is held at À10 kV (total NP acceleration voltage of 130 kV, e.g. 130 keV Au [1] [2] [3] [4] [5] [6] [7] [8] [9] + and 520 keV Au 400 +4 ), whereas positive mode NP-TOF-SIMS was performed in analysis chamber 2, where the target voltage is held at +10 kV (total NP acceleration voltage of 110 kV, e.g. 110 keV Au [1] [2] [3] [4] [5] [6] [7] [8] [9] + and 440 keV Au 400 +4 ). Emitted electrons/protons and negative/positive secondary ions were collected per single projectile impact, respectively. In the negative mode, the emitted electrons were accelerated from the target and then deflected using a weak magnetic field toward an electron emission microscope and used as a ToF start signal. Secondary ions were accelerated and analyzed using an in-house built ToF analyzer (~1.7 meters long) equipped with a two-stage electrostatic mirror (mass resolution of~1000-1500). In the positive ion mode, the emitted protons (H + ) were deflected using a magnetic field towards a ToF start detector, whereas secondary ions were accelerated toward a linear ToF analyzer (~1 meter long and mass resolution of~200-500). It should be noted that positive mode NP-ToF-SIMS analysis was performed as a proof of concept experiment for the NP induced molecular ion emission, not for direct identification of the lipid components considering the low mass resolution of the linear ToF analyzer coupled to analysis chamber 2. In both modes, secondary ion ToF signals were detected using a newly designed, pie-shaped eight-anode detector (up to eight isobaric ions) and were stored on a multi-channel time-to-digital converter. New data acquisition and processing programs Surface Analysis and Mapping of Projectile Impacts (SAMPI) were developed in-house to optimize multiple secondary ion detection.
Lipid assignment of the most abundant peak signals was performed using MALDI ToF/ToF experiments (4700 Proteomic Analyzer; Applied Biosystems Inc., Farmingham, MA) in reflectron ion mode and exact mass measurements using a 12 T solariX MALDI-FT-ICR-MS (Bruker Daltonics, Inc., Billerica, MA). Analysis was performed in both positive and negative ion modes on serial sections. In particular, MALDI-FT-ICR-MS analysis was performed with a lateral pixel resolution of 50 Â 50 mm 2 and with an average of 500 laser shots per pixel.
Sample preparation
Brain tissue was obtained from captive Mexican free-tail bats (T. brasiliensis) at the Texas A&M University colony. Bats were euthanized by anesthetic overdose and the brain quickly removed and frozen in isopentane for 45 s, prior to storage at À80 C. Before sectioning, brains were allowed to reach a temperature of À20 C for 30 min in the cryostat chamber (Leica CM1850, Leica Microsystem Nussloch, Germany). The brain was attached to the cryostat specimen disk using ice slush made from distilled water. Brain sagittal sections 12-15 mm thick were cut and placed on ITO-coated glass microscope slides. NP-TOF-SIMS analysis was performed at this stage. For MALDI experiments, in addition to the previous steps, the samples were coated with a solution of 2,5-dihydroxybenzoic acid dissolved in 50% methanol and 0.2% TFA at a concentration of 30 mg/ml. This matrix solution was applied using Bruker ImagePrep ™ (Bruker Daltonics, Billerica, MA) which performs multiple cycles of piezoelectric nebulization of the solution followed by periods of incubation and drying to produce a uniform coating across the tissue.
Results and discussion
The secondary ion emission strongly depends on the projectile size and energy. For organic targets, most of the analytical information is extracted from the measurement of analytespecific fragment ions and/or molecular ions of the species of interest. Previous studies on model organic targets (e.g. single amino acids) have shown that molecular ion emission for the case of polyatomic projectiles (n = 1-4) reaches a maximum at~40 keV per atom; for example, experimental results from Au 3 projectiles on a phenylalanine target ([M-H] -, m/z = 164.2) have shown a maximum desorption yield around 120 keV. [15] Nevertheless, preliminary results have shown that for the case of larger projectiles (e.g. Au 400 NPs on a Glycine target, [M-H] -, m/z = 74), the molecular ion emission increases with the projectile energy. [12] Fig. 2 shows representative ToF-SIMS spectra for 130 keV Au 3 , 520 keV Au 400 NP (negative mode), and 440 keV Au 400 NP (positive mode) single impacts on the same cerebellum region of native, bat brain sagittal section. ToF-SIMS spectra correspond to~10 6 impacts (30-40 min acquisition), and the analytical information corresponds to~1% of the field of view (~100 Â 100 mm 2 ) and to the top upper layers (e.g. 10-20 nm for 500 keV Au 400 NP impacts). Three main features can be observed from the comparison of the secondary ion emission profiles shown in Fig. 2 : (i) similar analyte-specific fragment ions, (ii) enhanced molecular ion emission for the case of Au 400 NP impacts compared with Au 3 impacts (near two orders), and (iii) abundant molecular ion emission of the lipid components for Au 400 NP impacts (positive and negative -2 ion per impact observed with Au 3 projectiles. A significant feature in the case of Au 400 NP impacts is the backward emission of gold atoms and gold adducts in negative ion mode (e.g. Au -, AuCN -, and Au(CN) 2 -); this is not observed during atomic and polyatomic gold bombardment. We attribute the formation of these gold adducts to the characteristic hydrodynamic penetration of the Au 400 NP projectiles. [16] On the other hand, the observation of intact lipid molecular ions permits their unambiguous identification. For example, positive and negative mode analysis using Au 400 NP ToF-SIMS shows abundant molecular ion emission, with different lipid distributions. We attribute this high lipid abundance as compared with other chemical classes to the fact that lipids account for up to 50% of the dried weight of brain tissue sections. Comparison between positive and negative NP-ToF-SIMS mode shows that molecular ion emission can be directly correlated to the surface concentration and the ionization probability. In particular, two distinct lipid distributions are observed for positive and negative NP-ToF-SIMS modes, which can be attributed to the difference in the charge carriers (lipid head groups) for the different lipid classes. Because of the low mass resolution on the current positive mode NP-ToF-SIMS setup, discussion is limited here to negative ion mode results. To address the large lipid diversity observed in NP-ToF-SIMS, identification of the most abundant lipid species was performed from adjacent sections using MALDI-MS/MS and MALDI-FT-ICR-MS analysis. Fig. 3 presents an expanded view of the lipid distribution observed with NP-ToF-SIMS and MALDI-FT-ICR-MS (100 mm lateral resolution) for the cerebellum region. Inspection of Fig. 3 shows that a good correspondence is observed between NP-ToF-SIMS and MALDI-FT-ICR-MS lipid distribution. In particular, negative ion mode NP-ToF-SIMS shows high abundance of sulfatides (e.g. ST 18:0, ST: 24:0, ST: 24:1, ST 24:1 OH, and ST 24:0 OH), phosphatidylserines (e.g. PS 40:6) and phosphatidylinositol (e.g. PI 38:4) lipids. The abundant lipid composition and complexity, i.e. multiple lipid molecular ions are observed per nominal mass, is also shown in Fig. 3 for the m/z = 900-918 mass range. This result suggests that high resolution separations are necessary for the identification of the most abundant lipid components; that is, the study of biological targets with high energy NP probes requires the use of high resolution analyzers.
Conclusions
In the present study, we have shown the advantages of using NP-ToF-SIMS for the characterization of native brain sections from mammalian models. Comparison between positive and negative mode NP-ToF-SIMS showed that they provide complementary information on the most abundant lipid species. In particular, a near two-order increase in lipid molecular ion yield is obtained in negative mode NP-ToF-SIMS (e.g. 520 keV Au 400 NP) compared with traditional ToF-SIMS (e.g. 130 keV Au 3 ). Comparison of negative mode NP-ToF-SIMS and MALDI-FT-ICR-MS results showed: (i) the chemical complexity of native biological targets, (ii) that NP-ToF-SIMS and MALDI-FT-ICR-MS generate similar lipid distributions (i.e. most abundant lipid components are generated in both cases), and (iii) multiple lipid components are observed per nominal mass. These results also showed that high energy NP probes expand current analytical capabilities for surface interrogation of molecular ions from native biological surfaces. Nevertheless, future efforts will have to focus on increasing NP-ToF-SIMS mass resolution and the incorporation of high resolution separation capabilities (e.g. TIMS-MS [17, 18] ) for unambigous identification of the desorbed species while keeping high ion transmision and sensitivity.
